ABSTRACT X-ray Fluorescence Spectroscopy (XRF) has reached the stage where it is classified as a mature analytical technique. The theoretical principles are well understood. In addition modern instrumentation demonstrates enhanced generator and temperature stability. High sensitivity is possible even for light elements and effective matrix correction software is available to the modem day spectroscopist. Apart from its continued applications in researcli and development. XRF has become u routine prcjcess control tool.
Introduction
A research laboratory like the X-ray Analytical Facility of the University of Pretoria is exposed to a wide range of materials. Housed by the Geology Department, minerals and ores are routine matrices, but in collaboration with the Department of Metallurgy and Material Science and the Institute for Applied Materials as major users, the laboratory is exposed to many diverse material types. The laboratory is frequently approached by industry regarding problems that commercial laboratories cannot solve, or where high accuracy analysis on specialised matrices is needed. This creates some unique problems that can not always be solved by any single analytical technique and the combined use of XRD and XRF analysis proves an efficient way to solve problems.
X-ray Fluorescence Spectroscopy is used to determine the bulk chemical composition of a sample. Fundamental parameter software like UniQuant™ (Thermo Fisher Scientific Inc. 2006) , enables the qualitative and quantitative analysis of an unknown sample with or without sample preparation. Elements from fluorine to uranium in the periodic table can be analysed with detection limits varying from 0.5 ppm for heavier elements like Mo to 100 ppm for the lightest element F. With the fundamental parameter approach, everything in the sample is analysed to enable accurate matrix corrections. The software allows for manual input of elements not determinable by XRF, like carbon, oxygen and hydrogen in different compounds and this data is then used in the matrix correction model. For higher accuracy, matrix matched calibration curves can be set up for specific matrices with specific sample preparation protocols followed. Examples of calibrations used most often will be shown below.
X-ray Powder Diffraction is used to determine the crystalline phaseCs) present in a sample. As each phase has a unique powder diffraction pattern, it is possible to distinguish between compounds as the diffraction method is sensitive to crystal structure and not just composition. The powder diffraction pattern fcjr the spinel MgAliO., looks different from the powder pattern of periclase (MgO) and corundum (Al,O,) mixture although a chemical analysis may show identical results. It is also possible to distinguish between different polymorphic-forms of the same compound. Additionally, the intensity of each component's pattern is proportional to the amount present.
Examples of problems encountered where the use of both techniques is of advantage include validation of results when XRF data do not add to 100 ± 1.5% without obvious reasons. XRD can confirm the phases present, e.g. carbonates that are not visible to XRF or a mixture of components with differing oxidation states. XRF determines total iron and / or titanium, but for matrix correction purposes adds stoichiometric amounts of oxygen according to the most common oxidation states. In the case of mixtures of hematite and magnetite or illmenite and rutile, this could lead to erroneous resuits. The analysis of slag and refractory materials are other examples where additional XRD information is crucial to successful analysis. Slag samples often contain traces of metal. The XRF software either assigns oxTgen or treats a sample as a metal, and consequently mixtures pose problems. In addition, sulphur and silicon are of the few elements that show a peak shift in XRF depending on the oxidation state (Willis and Duncan 20081 If a system was sel Lip using oxide materials and a .sulphide »r silicon nieial is analysed, a peak shift will lead to erroneous results, XRD can easily be used to identify these prohlems.
Metal inclusions also pose serious risks to routine sample preparation procedures, as major element analysis is usually determined on fused lithium borate lieads. Metals, exposed to platinum ware at elevated temperatures, form low melting ligands that react with the platinum laboratory-wart- (Lupon el al. 1997) . Sulphide bearing materials have the same tendency.
In these cases XRD is used to identify possible deleterious elements in the sample and also to confirm that al! metals and .sulphides were oxidized during pretreattnent before fusion.
Analytical procedures XRF
Bulk sample preparation consists of drying where necessary, crushing to 10mm, riffle splitting and milling in a tung.sten carbide milling pot to ca. 80% below 75 |xm. When Co and W analysis are specifically requested a carbon steel milling vessel is used. For XTíD contamination from milling vessels is only a factor when material harder than that of the grinding medium is milled and here comndum as well as Si-carbides have been observed to be problematic, Samples are dried at UO^C (Weight 1) and roasted at 1000"C (Weight 2), to determine the percentage loss on ignition (LOI) using the following equation:
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Weight, -XlOO Maj(.)r element analyses are executed on fused beads, following a method adapted from H. Bennett and G. Oliver's proposed methods (1992 ) . 1 g pre-roasted sample is added to 6g of lithium letraborate (LÍ2B,O7) flux mixed in a 5% Au/Pt crucible and fused at lOOCC in a muffle furnace automated fluxer (Beadmaster F-M4). A mouldable crucible is used .so that, on removal from the furnace, the bead is fast cooled in the caicibte of which the hottom surface is analysed. This approach has the advantage, that should there be undissolved material, it is al! retained in the bead which can be reiiielted.
Trace elements are analysed on pressed powder briquettes, after an adaptation of the method described by Watson (1996) , using a saturated solution of polyvinyl alcohol 40-88, as liinder. The mixing of the sample and !ilnder is accompüslied in a plastic zip-lock bag. 20 g of 75 |xm powder is mixed with a few drops of polyvinyl a!coliol and pressed al a pressure of 20 ton/cm' for two minutes in collapsible aluminium holders for mechanical support, using a polished piston. The sample is then dried at llO^C before analysis.
Special sample preparation techniques liave l>een developed for non-routine materials. Sulphide containing materials have to 1^ prepared with special care as sulphides are not soluble in lithium I'Kirate fluxes and damage the platinum ware (Lupon et al. 1997) . These samples have to be pre-oxidised while retaining the sulphur quantitatively as SO,,. This is accomplished by using Litliium nitrate (LiNOj), 0.5g of sample is thoroughly mixed with 3g of LiNO^ and placed on a bed of (3g) LÍ2B,,O7and covered with the remaining (3g) flux. This \sandwich" teclinique protects the platinum against un-oxidised sulphides and at the same time the flux lid helps to prevent the escape of any SO. gas. The mixing of sample and oxidant is crucial to facilitate complete oxidation. The pre-reaction is done at much lower temperatures than suggested in the literature (Sear L G, 1997) , as it was found that ,sulphur is lo.st when oxidation reactions are executed at temperatures alxïve the dissociation of LiNO, (600X). A method was developed where the sample is pre-reacted for an hour in a muffle furnace at 500"C, above the melting temperature of LiNO« but below the dissociation temperature. The reaction was evaluated using Differential Scanning Calorimetiy (DSC) and XRD to evaluate the reaction and confirm completion of the oxidation, before heating to 1000"C for the fusion to take place.
Metal bearing samples, like industrial refractory materials where a brick / metal interface exists, as well as modern refractory materials where metallic particles and graphite are added for increased strength, need special preparation. The same preparation methods are used for slag samples where metallic residues are often present. To prepare these samples for XRF analy.sis, a pre-oxidation step using nitric acid (HNO,). is used as roasting was Ibund to be ineffective. Roasting forms a oxidised layer t)n the outer surface of the particles, protecting the inside against further reaction and. when dissolved by the ilux during fusion, tlie metallic residue is brought into direct contact with the platinum crucible. The method used is as follows: lg sample is weighed directly into a platinum crucible and 5ml of a 50% aqueous HNO, solution is added. The mixture is heated slowly on a hot plate until all reaction ceases and dries. Then 6g of lithium tetraborate flux is added on top and fused at 1000*'C as usual. As roasting could ni)t be used to determine the lo.ss or gain on ignition, the fused bead is weighed, and the difference in sample mass before and after oxidation is calculated.
The instrumentation used is an ARL 9400XP+ Wavelength dispersive XRF Spectrometer with a Rliodium tube, LÍF200, LÍF220, GER. AXO6 (a 50Â synthetic multilayer) and PKT analysing crystals, with a f!ow proportional and scintÜlation detector, l^ata reduction is performed using three different software approaches: WINXRF using the COLA algorithm (Lachance and Claisse, 1980) with theoretical a!phas deduced from fundamental parameters, for matrix correction of fused bead major elements as well as The XRF Spectrometer is calibrated with certified reference materials, specpure oxides and some in-house standards, e.g. Specpure AL^O,, AGV-1, BCR-1, BE-N, BHVO-1, BR. Specpure CaCOí, Specpure CaO, DR-N, FeCa (in-house), FeSi (.in-house), GA, GS-N, GSP-1, Specpure SÍO2, JB-1, JG-1, Lithium tetraborate blank. MA-N. Mica-Fe, Mica-Mg, MRG-1. NIM-D (SARM 6), NIM-G (SARMl), NIM-N (SARM4), NIM-P (SARMS). NIM-S (SAIÍM2), PCC-1, SARM8, SARM9, SARM32, SARM.M, SARM39, SARM40, SARM42, SARM44, SARM45, SARM46. SARM47, SARM49, SY-2, SY-3, UB-N, UREM3, UREM4, UREM7, W-2 (Govindaraju, K. 1984).
Background and overlap corrections were calculated on a set of interference standards and stored in the calibration according to a method propo.sed by Willis and Duncan (1993) . Tables 1 to 4 show the instrnmental parameters for the three analytical approaches: As part of ongoing quality control, a blank and two certified reference materials are analysed with each batch of samples. Each tenth sample is ain in duplicate and clients are encouraged to include their own ,standards and duplicates in batches. The laboratory participates in the International Association for Geoanalysts' GeoPT proficiency test (Thompson el. ÎÏ/..199"') where geological materials are analysed three times a year, and results reported after statistical treatment with "z" values for each element from each laboratory. To evaluate sample preparation errors, an inhi)use standard is submitted m<inthly with a batch of unknowns and prepared in the same manner as unknowns. Reported standard deviations are expres.sed as the standard deviation of a calibration curve, set up with an average of 20-30 standards, as this method best approximates the entire calibration range. Limits of Quantification were also calculated from calibration standards. (Table 5) XRD At the X-ray Analytical Facility at the University of Pretoria samples are analysed using a PANalytical X'Pert Pro powder diffractometer with X'Celerator detector and variable divergence-and receiving slits each set at between 5 and 15 mm, depending on the sample holder used, Tlie samples are scanned at the requirt-d 26 angle ranges. The radiation can be Fe-fiitered CoKa, Ni-filtered CuKot or Mn-filtered FeKa radiation depending on the chemical composition of the samples analyzed in order to eliminate fluorescence which would cause, high background and poor peak to background ratio. The phases are identified using PANalytical X'Pert Higliscore plus software.
When required, relative phase amounts are estimated by the Rietveld metliod using either the Autoquan -BGMN Rietveld Program (Kleeberg and Bergmann, 1998; 2002 , Kleeberg et al., 2000 or topas from Bruker AXS employing the fundamental parameter approach or PANalytical X'Pert Highscore plus software.
Various sample preparation methods are employed. For routine analysis on powders a back loading preparation method is used. Front Loading onto a zero background Silicon sample disc is used when the sample amount is too small for the routine samples holders. Solid sample fragments which cannot be powdered {ß.g. metals and plastics) are mounted in a sample cup. In certain instances it is possible to use the same powder briquettes prepared for XRF analysis. The effect of the additional polyvinyl binder was investigated and found to be negligible (Figure 1) .
For routine phase identification a particle size of less than 50 |.im is required, which is achieved by milling in a tungsten carbide or carbon steel milling vessel using a swing mill or even by hand grinding in an agate mortar and pestle. For quantitative phase analysis, the preferred particle size is below 10 pm and that is reached by wet grinding for between five and ten minutes using ethanol in a McCrone micronizing mill (Klug and Alexander, 1974; Buhrke etal, 199H) . NSC^en the determination of amorphous content is required, a known amount of a standard, usually 15 or 20% Si (Aldrich 99% pure), is added to a milled sample and the sample and standard are homogenized in a McCrone micronizing mill.
In order to test the reproducibiiity of phase quantification using Rietveld analyis the analysis of iron ore sinters, as discussed below, is used as an example. Three tests were performed: 1. The same sample mount was analyzed ten times to test the reproducibiiity of the instrument and method. 2. To test the reproducibiiity of sample packing and sample presentation to the beam the same subsample was remounted ten times and re-analysed. 3. The homogeneity and representativeness of sub-sampies was tested by taking ten different sub-samples and repeating the sample preparation and mounting procedure. In each ease 16.6 weight per cent Si powder (Aldrich, 99% purity) for verification of results was added. The results are presented in Table 6 .
Case studies Iron Ore Sinters
Iron ore sinters are important feedstock materials for the steel industry. As a result of increased quality requirements, the chemistry and the phase composition of sinters are of importance. Historically point counting was used in the analysis of theses sinters. Quantitative X ray powder diffraction analysis, however, is another tnethod for determination of the relative quantities of phases present in sinters. Although no observations on textural features can be made, it is fast and can easily be adapted for process control. Minerals typically present in the sinters are magnetite, hematite, magnesioferrite, periclase, dicalcium silicate, glass and silico ferrites of calcium and aluminium. The latter phases are abbreviated as SFCA, of which three varieties have been described depending on the molar ratio of cations to oxygen: SFCA (MHO>II), SFCA-I (M^oOffl) and SFCA-Il (UziPiù (M=Ca, Fe, Al and Si). The four sinter samples used in this example were obtained from Mittal Steel SA. 20% Si powder (Aldrich, (Tables 7 and 8 ).
Analysis of Fly Ash and other glass cotitaining materials
At our laboratory satnples containing glassy or amorphous materials are routinely analyzed and quantified after addition of between 15 and 2{)' >i) Si Table 9 . The calculations are performed under the assumption that the phases detected have an ideal composition. Care should be taken when dealing with samples where phases may deviate from idea! compositions or show solid solution between 2 or more elements. It would then be advisable to obtain chemical compositions of the individual phases which should be used in the calculations.
Analyses of Ferro Manganese samples
Ferro Manganese samples that are submitted for analysis usually require fusion preparation methods due to the influence mineralogical effects have on the accuracy of powder briquette methods. Samples are prepared according to the methods described earlier in this paper, and to evaluate the oxidation step, XRD diffractograms were recorded before and after the oxidation step (Figures 2 and 3 )-It can clearly be seen that the Analyses of Copper salts XRF is routinely used for the quantitative analysis of elemenLs l^tween fluorine and uranium on the periodic table of the elements. Oxygen and hydrogen cannot Ix* determined as their characteristic x-ray photon wavelengths are long and are easily absorbed by air and anything else in the optical pathway. Fluorescence yields for these elements are too low to produce enough photons to be detected. Oxygen is usually assigned in stoichiometric quantities to enable accurate matrix corrections. Hydrogen cannot be determined at all. This could lead to erroneous results where these elements are present. Consider the following Copper salts submitted lo the laboratory for analysis. The samples were analysed as pressed powder briquettes (Table 10) . As the pressed powder program is calibrated for oxides Cu will be expressed as CuO. CuSO,, would be eliminated as a possible composition due to the low S concentrations, (CuO + SO^ = CuSO^), The analytical totals were very Iow and a wavelength scan revealed no additional elements, A XRD scan was obtained to determine the phases present and the results shown in Figure 4 . From this data the major phase was identified as Cu(OH)2 (Spertiniite), explaining the low analytical totals as a 21% hydroxide content constituted the difference. 
